ABSTRACT The effects of antemortem holding temperatures on live shrink, processing yields, and breast meat quality of broiler chickens were evaluated. A total of 462 broilers was reared to 45 d of age using conventional husbandry practices, removed from feed and water, and cooped 12 h prior to slaughter. During the 12-h feed withdrawal and holding time, the birds were held at 25, 29.5, or 34 C. Birds were individually weighed at cooping, prior to slaughter, and during processing to determine live shrink and processed carcass yields. The breast meat was removed at 2 or 24 h postmortem and was used to determine hot and cold boned meat pH, R-value, sarcomere length, meat color (lightness, redness, and yellowness), cooked yield, and shear value. The birds held at 34 C showed the significantly greatest live shrink, 5.7%,
INTRODUCTION
Environmental conditions during transport and holding of livestock have been shown to affect live shrink and subsequent meat quality. During the summer months, the poultry industry often experiences increased live shrink and excessive processed yield losses because birds respond to the increased temperature by decreasing feed intake and increasing panting, which alters water intake and body moisture loss profiles. Hale et al., (1980) and Holm and Fletcher (1997) reported greater live shrink of birds held at elevated temperatures (40 and 29 C, respectively) than birds held at lower temperatures (20 and 18 C, respectively). Because processing plant efficiency depends on bird uniformity, variations in flock responses to changes in environmental temperatures during catching, hauling, and holding can contribute to processing yield losses, reduced product uniformity, and decreased product quality.
Important meat quality parameters include pH, color, water-holding capacity (WHC), and tenderness. The pH 2001 Poultry Science Association, Inc. Received for publication August 14, 2000. Accepted for publication December 29, 2000. 670 compared to those held at 29.5 or 25 C with 3.9 and 3.2% shrink, respectively. Birds held at 34 C exhibited significantly lower processed carcass yields based on initial catch weight, but when calculated using postshrink weights, there were no significant differences between treatment groups. For breast meat harvested at 2 h postmortem, the birds held at 25 C had higher R-values, redness, and yellowness values and lower cooked meat yield and shear values. For breast meat harvested at 24 h postmortem, the birds held at 25 C had higher pH, R-values, and redness. These results support earlier reports that holding conditions may dramatically effect live bird shrink and apparent yields (based on calculation denominator) but have relatively little effect on subsequent breast meat quality, regardless of postmortem deboning time.
of meat after slaughter is affected primarily by the postmortem conversion of muscle glycogen stores to lactic acid that accumulates in the muscle. Changes in muscle pH also directly affect color and WHC due to the pH effect on protein structure and subsequent hydration properties of the meat proteins. The rate of postmortem pH change is controlled by the degree of hormonal and contractile status of muscle immediately before and during slaughter (Monin and Ouali, 1992) . It is assumed that antemortem temperature affects the postmortem metabolism of muscle and subsequent meat quality via adrenal or other physiological responses or simply by fatigue of the animals (Lambooij, 1999) .
Previous research had focused on determining the effect of antemortem temperatures on meat quality. Wismer-Pedersen (1959) and Forrest et al. (1963) reported increased occurrence of quality defects in pork meat during summer and fall months when temperatures fluctuated the most. Sayre et al. (1963) reported that subjecting pigs to elevated temperature immediately before the slaughter induced a rapid rate of postmortem muscle Abbreviation Key: GLM = general linear models; NY = New York; RTC = ready to cook; PSE = pale, soft exudative; WHC = water-holding capacity.
glycolysis as indicated by a decline in muscle color intensity. In poultry, Woods and Richards (1975) reported an increased rate of postmortem glycolysis and prolonged glycolysis with heat and cold stress, respectively. Froning et al. (1978) and Holm and Fletcher (1997) , working with turkeys and broiler chickens, respectively, reported lower pH and higher shear value from birds kept at elevated temperatures compared to birds held in cooler conditions. McKee and Sams (1997) observed that turkeys that were subjected to elevated temperatures prior to slaughter exhibited pale, soft, and exudative (PSE) meat characteristics.
In many of these previous studies, the differences in environmental temperatures required to induce cold or heat stress were more extreme than would occur during normal commercial conditions (Woods and Richards, 1975; Lee et al., 1976; Froning et al., 1978; Babji et al., 1982) . Therefore, the objective of this study was to evaluate the effects of more moderate temperature changes between the housing temperature and holding temperatures that may be more indicative of actual commercial conditions, considering modern production practices, such as environmentally controlled houses and industry concentration in southern regions of the US. Broiler chickens were subjected to holding temperatures of 25, 29.5, and 34 C for 12 h prior to slaughter to determine effects on live shrink, processing carcass yield, and meat quality parameters of the breast meat removed at 2 or 24 h postmortem.
MATERIALS AND METHODS
Three independent experimental trials were conducted to determine the effect of holding temperature on live shrink, processing yields, and broiler breast meat quality. In each trial, approximately 210 1-d-old male broiler chicks were obtained from a commercial hatchery and were reared using conventional husbandry methods. Birds were housed on litter (wood shavings) in a single pen with access to feed and water ad libitum . The initial brooding temperature was maintained at 35 C for the first week, was gradually lowered to 29.5 C in the third week, and then was maintained until termination of the experiment.
At 45 d of age and 12 h prior to slaughter, feed and water were removed, and 180 birds were randomly caught, individually weighed (catch weight), wingbanded, and placed in transport coops (internal dimensions of 86 × 57 × 24 cm), 10 birds to a coop. The 18 coops were divided into three groups and placed into one of three different holding rooms set at 24 C (cool), 29.5 C (control or normal), or 34 C (warm) for 12 h.
After the 12-h holding time, the coops were transported to a pilot processing facility (approximately 0.25 km) and were processed in six replicate batches with one coop per holding temperature per batch. Birds were removed from coops, individually weighed (dock weight), hung on shackles, stunned (two-stage electrical stunner, 2 14 V, pulsed DC at approximately 500 Hz for 18 s, followed by 14 V, 60 Hz AC for 9 s), killed by hand using a conventional unilateral neck cut to sever the carotid artery and jugular vein, bled for 140 s, scalded at 55 C for 110 s, and picked for 36 s in a commercial in-line picker. Upon exiting the picker, head and feet were removed, carcasses individually weighed [New York (NY) dressed weight], and were then eviscerated, reweighed (shell weight), and chilled in a static ice and water mixture for 2 h. The individual processing weights and associated yield calculations are described in Table 1 .
After chilling, half of the birds were deboned immediately (hot boned) and half were held packed on ice for 24 h before deboning (cold boned). For both the hot and cold deboned groups, the breast meat (pectoralis superficialis or pectoralis major) was removed from both sides of the carcass. One breast fillet was used for immediate determination of pH, R-value, and sarcomere length. The contralateral breast fillet was individually bagged and held at 2 C until 48 h postmortem for individual color determination and cooking prior to determining cooked meat yield and meat texture.
pH Measurement
The pH of one breast fillet per bird was determined using a modification of the iodoacetate method initially described by Jeacocke (1977) . Approximately 2.5 g of breast meat was removed from the cranial end of each fillet, minced by hand, homogenized in 25 mL of a 5 mM iodoacetate solution with 150 mM potassium chloride for 30 s, and the pH of the homogenate was determined using a pH meter 3 calibrated at pH 4.0 and 7.0.
R-Value Determination
R-value, the ratio of adenosine to inosine nucleotides, was determined using the ratio of absorbance at 250 and 260 nm as described by Honikel and Fischer (1977) . Rvalues were determined in duplicate on one breast fillet from each bird.
Sarcomere Length
Sarcomere length was determined using a modification of the laser diffraction method described by Cross et al. (1980) . Crude homogenates of the breast samples were prepared by blending 2.5 g of muscle with a solution containing 150 mM KCl and 5 mM sodium iodoacetate. At least 15 readings were taken and averaged for each breast sample.
Color Measurement
The CIE (1978) system color profile of lightness (L*), redness (a*), and yellowness (b*) was measured on indi- Live shrink (%)/12 NYD-1 (%) (NY dressed weight/catch weight) × 100 NYD-2 (%) (NY dressed weight/dock weight) × 100 Shell yield-1 (%) (Shell weight/catch weight) × 100 Shell yield-2 (%) (Shell weight/dock weight) × 100 Shell yield-3 (%) (Shell weight/NY dressed weight) × 100 RTC-1 (%) (RTC weight/catch weight) × 100 RTC-2 (%) (RTC weight/dock weight) × 100 RTC-3 (%) (RTC weight/NY dressed weight) × 100 Chill water uptake (g) RTC weight − shell weight Chill water uptake (%) (Chill water uptake (g)/shell weight) × 100 Cooked yield (%) (Cooked breast weight/raw breast weight) × 100 vidual fillets using a reflectance colorimeter. 4 Color was measured in triplicate on the cranial, medial surface (bone side) in an area free of obvious color defects (bruises, blood spots, or surface discolorations). Measurements were made on the medial surface to avoid breast fillet surface discolorations due to possible over-scalding.
Cooking Procedure
At 48 h postmortem, fillets from the hot and cold boned treatments were individually weighed and cooked in steam on aluminum trays at 95 C for 20 min. The fillets were then allowed to equilibrate to room temperature and were reweighed; cooked yield was determined as described in Table 1 .
Shear Value Determination
Shear values were determined using an Instron Universal Testing Machine 5 equipped with an Allo-Kramer shear cell by using the procedure described by Papinaho and Fletcher (1996) . A 25 mm diameter core was removed from the thickest part of each fillet and was weighed; the sample was sheared with the blades at a right angle to the fibers using a 500-kg load cell and cross head speed of 500 mm/min. Shear values are reported as kilograms of shear per gram of sample.
Statistical Analyses
Data were analyzed using the ANOVA option of the general linear models (GLM) procedure of SAS software (SAS Institute, 1988 term, using residual error. When the treatment by replication interaction term was significant, that error was used to determine treatment main effect significance. Means were separated using Duncan's multiple-range test option of the GLM procedure (SAS Institute, 1988) with the appropriate test error term as described above. The observations and calculated variables from catch weight through chilled weight were analyzed using the entire data set. Observations and calculated variables taken postchill were analyzed separately for hot and cold boned birds.
RESULTS AND DISCUSSION
The final number of birds processed and their average weights for Experimental Trials 1 to 3 were 144 (2,179 ± 20 g), 143 (2,254 ± 19 g), and 175 (1,919 ± 18 g), respectively. The data for the catch weights through shell yield determinations are summarized by holding treatment in Table  2 . For those variables in which there was a significant treatment by replication interaction, the main effect of treatment was tested using the mean square error of treatment by replication interaction and were designated by footnote in the probability column of the table.
There were no significant treatment differences in catch weight, but following 12-h holding, the dock weights of birds held in the warm temperature were significantly less (P = 0.0515) than for birds held at the control or cool temperatures. Birds held in the warm temperature also exhibited a significantly greater live shrink compared to the control and cool treatment groups, with 5.67 versus 3.87 and 3.16% loss, respectively. These results are in general agreement with several previous reports. Holm and Fletcher (1997) reported similar results, even though shrink was determined on birds held over a wider range of temperatures (7, 18, and 29 C). Buhr et al., (1998) When shrink is reported on a per hour basis, the results are similar to those reported by several authors as compared and discussed by Warriss et al. (1999) .
The birds from the warmer holding temperature exhibited significantly lower NY dressed and shell weights than the birds held in the control or cool temperatures, presumably as a result of the greater shrink loss. NY dressed yields were significantly less for the warm birds, compared to the control and cool birds, when calculated using catch weight. However, both control and warm birds had significantly lower NY dressed yields compared to the birds in cooler temperature but were not significantly different from each other when NY dressed yield was calculated using dock weight. A similar pattern was observed for carcass shell yields, with the significant differences in yields being dependent on the calculation base (catch weight, dock weight, or NY dressed weight). It is interesting that shell yield (comparable to a prechill processing plant yield) was not significantly different between treatments when calculated using either dock weight or NY dressed weight.
The results for ready-to-cook (RTC) yields, water uptake, and meat quality for both the 2 and 24 h deboned breast meat are presented in Tables 3 and 4 , respectively. Regardless of chill time prior to deboning, the RTC weight and calculated yields were similar. The birds held at the different temperatures had significantly different RTC weights and lower RTC yields than the RTC yields calculated using the dock or NY dressed weights. Chill water uptake (g or %) was not affected by treatment. These results are similar to the shell yields in that other than effects on live weight, treatment had no effect on carcass yields or chill water uptake.
For the breast meat harvested at 2 h postmortem, there were no significant differences by treatment for muscle pH, sarcomere length, or lightness (L*). The breast meat from birds held at warm temperature had significantly lower values for redness (a*) and yellowness (b*) and Means within a row followed by different superscript letters differ significantly (P < 0.05).
1
See Table 1 for variable descriptions and methods of calculation.
2 n = 462 (cool, n = 180; control n = 176; warm, n = 106).
3
Significance determined using residual error. Significance determined using by replicate mean square error as the test statistic.
higher shear value than breast meat from the control or cool temperatures. R-value was significantly higher for the breast meat from birds held in the cool temperature compared to those from the control and warm environments, which were not different from each other. Cooked yield for the breast meat from the warm environment was significantly greater than that for samples from the cool environment, but the control samples were not different from the warm or cool samples. For the breast meat harvested at 24 h postmortem, no difference was found in pH, R-value, sarcomere length, L*, b*, cooked yield, or shear value among birds held at different holding temperatures. The only significant treatment effect was for a* values in which breast meat from the birds held in the warm temperature was less red than the meat from birds held in the control or cool temperatures.
The results for the RTC weights and yields for the 2 and 24 h deboning groups follow the same trends observed for the NY dressed and shell weights and yields. Birds held in the warm temperature had significantly lower RTC weights and RTC yield when calculated using the catch weight. However, when RTC yield was calculated using the dock or NY dressed weights, there were no significant treatment effects. There were also no significant treatment effects on absolute or percentage chill water uptake. These results agreed with Holm and Fletcher (1997) who reported that holding temperatures of 7, 18, and 29 C had no effect on chill water uptake.
Holding temperature effects on pH, sarcomere length, color, cooked yield, and texture were mixed between the two groups deboned at 2 or 24 h. For the birds deboned at 2 h postmortem, there were no significant effects on meat pH. However, birds held in the warm environment and deboned at 24 h postmortem had lower pH than those held at the cool or control temperature (P = 0.0718). These results are consistent with those presented previously by Babji et al. (1982) , Holm and Fletcher (1997) , of antemortem holding temperatures of 25 C (cool), 29.5 C (control), and 34 C (warm) at 2 h postmortem deboned carcass ready-to-cook (RTC) weight and yields, chill water uptake and breast meat pH, R-value, sarcomere length, lightness (L*), redness (a*), yellowness (b*), cook yield, and shear value (means ± SE) Means within a row followed by different superscript letters differ significantly (P < 0.05).
1
2 n = 241 (cool, n = 90; control n = 87; warm, n = 54).
3
and McKee and Sams (1997) , who all found that birds held in cooler temperatures had significantly higher terminal pH values than birds subjected to higher temperatures. McKee and Sams (1997) also showed similar results for muscle pH values measured at 2 h postmortem. The R-values measured on breast meat removed at 2 h postmortem were observed to be significantly higher in the cool treatment, although no significant differences were found in R-values measured on breast fillets removed at 24 h postmortem. These data are not in agreement with those of McKee and Sams (1997) who Means within a row followed by different superscript letters differ significantly (P < 0.05).
1
2 n = 241 (cool, n = 90; control n = 89; warm, n = 58).
3
reported that heat stress increased R-values measured at 15 min and 2 and 24 h, respectively, in turkey breast meat. There were no treatment effects on sarcomere lengths measured on breast meat removed 2 or 24 h postmortem. For breast meat color, the results were mixed. No difference in lightness (L*) was detected among treatments regardless of deboning time. These results agree with Holm and Fletcher (1997) but not with results reported by Froning et al. (1978) and McKee and Sams (1997) , who observed at 24 h postmortem, darker and lighter breast meat, respectively, from heat-stressed turkeys. Breast meat from birds held in the warmer temperature exhibited significantly less redness (a*) at 2 and 24 h deboning times and less yellowness (b*) values only for the 2-h deboning time. Although it appears that holding temperatures affect breast meat color in this study, the effects appear inconsistent when compared to previous studies.
The breast meat harvested at 2 h postmortem from birds held in the warmer temperature had significantly greater cooked yield compared to the breast meat from birds held in the cool environment but was not different from the control birds. There were no significant differences in breast meat cooked yield from the 24-h deboned group. Holm and Fletcher (1997) reported a higher cooked yield for the breast meat from birds held in warmer temperatures.
For meat toughness, the warm holding temperature resulted in significantly greater shear values in the 2-h deboned samples only. These results are in agreement with studies that have indicated that birds held in warmer temperature yield tougher meat than that from birds held at cooler temperatures (Simpson and Goodwin, 1975; Lee et al., 1976; Froning et al., 1978; Holm and Fletcher, 1997 ).
These results demonstrate that warm holding temperatures (34 C), compared to control housing temperatures at 29.5 C, increase live bird shrink and decrease associated carcass yields calculated using catch weight. However, after live shrink and using dock or NY dressed weights, holding temperature has no effect on subsequent carcass yield parameters. There appears to be some effect of holding temperature on selected meat quality parameters, but these effects are not always consistent or necessarily dramatic (may be of relatively little practical or industry importance). There also appears to be a minor interactive effect of postmortem handling with holding temperature.
